INTRODUCTION
Recently, interest in LC-based voltage-controlled oscillators (VCOs) has surged with the growing demand for radio frequency communication systems. Although some types of oscillators such as relaxation oscillators, ring oscillators, etc., implemented in advanced submicron CMOS technology may also be capable of achieving gigahertz operation frequencies, nowadays, their phase noise behavior and frequency stability at high frequencies are still not good enough for communication applications. LC-tank oscillators are the only type of integrated oscillators that will be capable of achieving the required high frequencies and low noise at reasonable power consumption. Unlike a conventional LC VCO using a varactor to tune oscillating frequencies, we propose a varactorless VCO employing a tunable transconductance for frequency control.
VARACTORLESS VCO IMPLEMENTATION

Proposed Varactorless VCO
To replace the varactor, the LC-VCO scheme with a tunable g m -based technique is shown in Figure 1 . The VCO circuit is divided into two parts: one is the LC oscillation scheme and the other is the V-to-I converter. The V-to-I converter is a simplified differential pair circuit and is used to produce the bias current for tuning g m that exhibits in the oscillator. The LC oscillator generates the operation frequency, formed by two PMOS differential pairs in cross-connection with and without transformer feedback, respectively [1] . Besides the effective values of the inductor and capacitor in the tank, the oscillation frequency depends upon g m of the PMOS transistors.
Simplified Linear Analysis of the Proposed VCO
Suggesting only the inductor value can be active on the source of the transistor M 1 , a half-circuit concept is shown in Figure 2 (a), where R pd and C d represent the equivalent parallel resistance and capacitance in the primary coil where the oscillation occurs. With the small-signal equivalent circuit depicted in Figure 2 (b), we can obtain the transfer function
where
Since the oscillator can be viewed as two stages of Figure 2 (a) in a cascade, the gain around the loop is given by
At resonance, the total phase shift around the loop is zero because each stage contributes zero frequency-dependent phase shifts. The loop gain will be a real number (i.e., the phase will be zero) at the oscillation frequency 0 , given by where
The oscillation frequency obviously depends on the inductances and capacitances of the tank as well as the transconductances, g m1 and g m2 . To understand the tuning range of the VCO, two extremes of the control voltage can be discussed. 
It can be easy to see that the oscillation frequency is
and the quality factor is defined as
2. Conversely, at the other extreme, only the differential pair of M1's is on and the one of M2's is off, providing the minimum oscillation frequency. For gm2 ϭ 0, substituting
.
Applying the imaginary part of the denominator to zero, we obtain the oscillation frequency as
Next, we will develop a simple quality factor analysis to verify the performance of the VCO. For an ideal coupling factor k ϭ 1, ⌬ approximates to zero and we have
An important parameter is the loaded quality factor Q LD of the tank circuit, which is defined as the Q factor of the second-order transfer function v o /v in . From Eq. (9), the load quality factor is given by
Although Eq. (10) provides essential insights into the Q, how to implement an electrical oscillator is a more practical design work. Two important concepts of low noise performance and tuning range in the design regime have to be considered. Assuming L s1 Ͼ M, the denominator is larger than L d /R pd , resulting in that the load quality factor becomes lower compared with that in Eq. (4). Selecting L s1 Ͻ M, therefore, the load quality increases and becomes larger than Q 0 in conventional schemes. Besides, the oscillation frequency lowers as g m1 increases. As a result, maximizing the value of g m1 can directly increase both the tuning rang and the quality factor.
Transformer Realization
Depicted in Figure 3 is a monolithic transformer realized by inter-winding two spiral inductors. Octagonal spiral geometry is adopted because a spiral structure that more closely approximates a circle is preferred to increase the quality factor. The primary coil L d in the resonator is mainly made of the top metal layer, i.e., Metal 6 layer, which is furthest from the conductive substrate and is the thickest metal layer, while Metal 4 layer is used to form the secondary coil. The primary is designed in two turns, 9-m width, 2-m line spacing, and an outer radius of 60 m, and the secondary coil has the same width and outer radius but one turn structure. They are modeled as a combination of two separate models for the transformer [2, 3] . With the mutual magnetic and capacitive coupling, the simulated inductor values are: L d ϭ 0.59 nH and L s1 ϭ 0.26 nH, and the coupling coefficient k is 0.7. The quality factor is around nine at the oscillation frequency.
EXPERIMENTAL RESULTS
To verify performance of the proposed VCO, as previously described, the proposed circuit was fabricated in 0.18-m CMOS technology. Figure 4 shows the microphotograph of the test chip. The core circuit occupies an active area of 840 ϫ 690 m 2 including the output buffers and I/O pads. Each output signal is connected to an open-drain circuit with an externally match resistance of 50 ⍀. The VCO was tested on an FR-4 PC board using Agilent E4407B Spectrum Analyzer for measurement. The VCO consumes the current of 3.6 mA under a 1.8-V supply voltage. The measured output power is around Ϫ3 dBm. Figure 4 shows both the simulated and measured frequency-tuning characteristics. As can be seen, the measured tuning range is 6% (4.73-5.05 GHz). Figure 5 also shows the plots of the simulated and measured phase noise at 1-MHz offset from the carrier for the control voltage. The measured values of phase noise are from Ϫ113 dBc/Hz to Ϫ122 dBc/Hz at 1-MHz offset. The minimum phase noise of the VCO occurs at minimum operating frequencies. Figure 6 shows the phase noise at 4.73 GHz and the measured noise is Ϫ101 dBc/Hz at 100-kHz offset, Ϫ122 dBc/Hz at 1-MHz offset, and Ϫ142 dBc/Hz at 10-MHz offset. Using a linear theory [4] , an oscillator's phase-noise model is given by L͑⌬͒ ϭ 10 log ͫ 2FkT P sig
where 0 is the center frequency, ⌬ is the frequency offset, Q tank is the tank quality factor, F is the excess noise factor, P sig is the oscillation signal power, and L(⌬) is the phase noise measured at ⌬. The phase noise performance is mainly due to the characteristics of the tank circuit. From Eq. (10), increasing g m1 increases the quality factor and thereby lowers the phase noise. As observed in Figure 5 , the phase noise is decreased as the control voltage increases to drive larger g m1 .
CONCLUSION
It is an interesting work covering the use of a g m -tuned technique in place of tunable capacitors (e.g., varactors) for building high- 
